Determining the V-x parameters of H 2 O-NaCl-CO 2 fluid inclusions (total density of inclusions, gas content, homogenization pressure, etc.) is of great value for the exploration of hydrothermal deposits. However, previous accurate calculation methods are only applicable to H 2 O-NaCl-CO 2 fluid inclusions with homogenization temperature above 300 • C and CO 2 phase homogenization temperature above the CO 2 clathrate melting temperature. In this paper, a new calculation method is proposed to accurately solve the V-x parameters of H 2 O-NaCl-CO 2 fluid inclusions with complete homogenization temperature lower than 300 • C. The algorithm first determines the salinity of inclusions with respect to the melting temperature of CO 2 clathrate and the partial homogenization temperature of the CO 2 phase and then determines the internal pressure of inclusions when CO 2 clathrate is completely melted. The V-x parameters of the inclusions are then iteratively solved. The new algorithm does not require a visual estimation of the volume fraction of the CO 2 phase as an input parameter. It is possible to avoid the significant error brought about by traditional method of calculating the inclusion V-x parameters involving visual estimation of the CO 2 phase volume fraction. A computer program is developed on the basis of the new method and is applied to the analysis of fluid inclusions in medium and low temperature hydrothermal gold ore.
Introduction
Geological fluid, which is involved in and has a crucial effect on numerous geological processes, is among frontiers and hotspots in geoscience [1] [2] [3] [4] . NaCl and CO 2 are the most common solute components in various geological fluids. Many geological fluids can be approximated as H 2 O-CO 2 or H 2 O-NaCl-CO 2 systems, such as hydrothermal gold ore-forming fluids, intermediate-grade metamorphic fluids, etc. Therefore, determining the physical and chemical parameters, e.g., density, salinity, composition, and homogenization pressure of H 2 O-NaCl-CO 2 inclusions, is one of the important foundations for studying the source and evolution of ore-forming fluids and exploring the formation mechanism of hydrothermal deposits [5] [6] [7] [8] [9] .
Previous studies have shown that most hydrothermal gold ore-forming fluids have medium to low salinity (NaCl less than 6-10 wt %) and relatively high CO 2 content, and the complete homogenization temperature of the inclusions is between 200-400 • C [9] [10] [11] . At room temperature, the inclusions are either gas-liquid-liquid or gas-liquid, and lack halite daughter minerals. H 2 S and N 2 are also very low. Therefore, a V-x parameter calculation program for the H 2 O-NaCl-CO 2 inclusions is adequate for the research of hydrothermal gold ore fluid inclusion. The thermodynamic model and calculation method are both necessary for the development of the calculation program. The determination of V-x parameters of the inclusions requires accurate calculations of the P-V-T-x and gas-liquid equilibrium composition of the H 2 O-NaCl-CO 2 fluid system at 0-400 • C, 0-3000 bar. Previous state equations for H 2 O-NaCl-CO 2 -CH 4 system at medium-high temperature (T > 300 • C) or medium-low temperature equations [12] [13] [14] , as well as the CO 2 solubility model could basically meet the calculation requirement [14] [15] [16] . For the latter, Song's [17] method is adequate for the calculation of H 2 O-NaCl-CO 2 inclusions where the CO 2 phase homogenization temperature is higher than the CO 2 clathrate melting temperature. Mao et al. [18] proposed a method for the calculation of H 2 O-NaCl-CO 2 inclusions with complete homogenization to liquid phase and homogenization pressure not higher than 1500 bar, which is based on the model of Song [17] . For the calculation of the V-x parameter of the H 2 O-NaCl-CO 2 inclusions whose CO 2 phase homogenization temperature is lower than the melting temperature of the CO 2 clathrate, a valid algorithm that does not require a visual estimation of gas-liquid ratiois still absent.
This study aims to solve the above problems by developing a computer program that can accurately calculate the V-x parameters of H 2 O-NaCl-CO 2 inclusions. Two major contributions are included in this study, as described below: 1. A new iterative algorithm is proposed to solve the V-x parameters of H 2 O-NaCl-CO 2 inclusions with a CO 2 phase homogenization temperature lower than the CO 2 clathrate melting temperature and to develop a calculation program. This new algorithm only takes the temperature measurement data as the input parameter and does not need to visually measure the volume fraction of the CO 2 phase. 2 . A new application is developed that can accurately calculate the V-x parameters of H 2 O-NaCl-CO 2 inclusions, which is based on the algorithms of Song et al. [17] and this paper. The thermodynamic properties of the H 2 O-NaCl-CO 2 system with temperatures above 300 • C and temperatures below 300 • C were calculated using the equations established by Duan et al. [12] , Sun and Dubessy [13] . The application is valid at a full homogenization temperature range of 200-450 • C, and is suitable for both situations in which CO 2 phase homogenization temperature is either higher or lower than CO 2 clathrate melting temperature, with no halite daughter minerals present.
Calculation Method

Salinity Calculation of H 2 O-NaCl-CO 2 Fluid Inclusions
For H 2 O-NaCl-CO 2 inclusions, salinity is generally expressed in mass fraction or mass percentage S, representing the mass fraction of NaCl in H 2 O-NaCl solution. At room temperature, the H 2 O-NaCl-CO 2 inclusions generally appear in two or three phases. The corresponding salinity calculation method will be introduced below with respect to these two different situations.
Salinity Calculation of Three-Phase H 2 O-NaCl-CO 2 Inclusions at Room Temperature
At room temperature, three-phase H 2 O-NaCl-CO 2 inclusions (aqueous phase + CO 2 liquid phase + CO 2 gas phase) cool down to form CO 2 clathrate. After re-heating, the melting temperature of the CO 2 clathrate will be lower than the homogenization temperature of the CO 2 phase. Therefore, CO 2 clathrate in the inclusion disappeared by heating so that the salinity of the inclusion could be determined with respect to the temperature. During the heating, the CO 2 clathrate disappears and the system is in four-phase equilibrium. According to the Gibbs phase rule:
(1) the number of components C = 3, the number of phases ϕ = 4, the four-phase degree of freedom F = 1, the salinity then has a one-to-one correspondence to the melting temperature of the clathrate, and the NaCl content of the aqueous phase is also determined when melting temperature is determined.
In addition, in the case of lower temperature, the content of NaCl and water vapor in the CO 2 gas phase (bubble) and CO 2 liquid phase is negligible, and the NaCl content in the aqueous phase could The method above is not valid for the determination of salinity for H 2 O-NaCl-CO 2 fluid inclusions exhibiting two phases at room temperature (aqueous phase + CO 2 liquid phase or CO 2 gas phase). When the inclusions cool down, CO 2 hydrate will also form. When the system is heated, the hydrate will disappear at a certain temperature. At this time, the inclusion system is on the three-phase equilibrium interface. Since the number of components is C = 3, the number of phases is ϕ = 4, and the degree of freedom of the system is F = 2, which means that the salinity changes not only with temperature but also with pressure. Then the aforementioned method for determining the salinity of three-phase H 2 O-NaCl-CO 2 inclusions is no longer applicable.
The following two calculation methods are mainly used for this occasion. The first method was proposed by Diamond [21] , which determines the salinity in combination with the hydrate melting temperature and the partial homogenization temperature of the CO 2 measured in the metastable state. When the CO 2 gas phase and the liquid phase are homogeneous to the gas phase, the salinity is calculated as follow:
x is the partial homogenization temperature of the CO 2 phase, and the range of application is between −20 • C to 10 • C. y is the melting temperature of the hydrate and is valid between −5 • C to 13 • C. The range of salinity S is 0-21 wt % NaCl (relative to the binary H 2 O-NaCl subsystem without CO 2 ). When the CO 2 gas phase and the liquid phase are homogeneous to the liquid phase, the salinity is calculated as follow:
The valid range of x and S is the same as the previous equation while y is valid between −8 • C to 10 • C.
The second method, which is proposed by Fall et al. [22] , determines the CO 2 phase pressure according to the carbon dioxide Fermi peak displacement method, and also determines the NaCl content according to the gas hydrate three-phase equilibrium model by Bakker [23] , Duan and Sun [15] . It brings smaller salinity error for H 2 O-NaCl-CO 2 two-phase inclusion in which CO 2 is a liquid phase (0.3 wt %) and much more significant error for those in which CO 2 exhibits gas phase (~3.2 wt %)
Calculation Method of V-x Parameters of H 2 O-NaCl-CO 2 Inclusions
For single-component fluid inclusions, the microthermometry measurement data can be substituted into the formula to calculate the total density of inclusions and homogenization pressure. For ternary system fluid inclusions, the total density, composition, homogenization pressure and other parameters need to be determined by means of more complex thermodynamic calculation models or diagrams.
The V-x parameter depends on the thermodynamic properties of the fluid system under different temperature and pressure conditions. A few of them can be calculated by simple formulas, while for the rest, an accurate solution can only be provided by thermodynamic models with sound theoretical basis. Due to the non-ideality of the system, there are few equations that can accurately describe the thermodynamic properties of H 2 O-NaCl-CO 2 systems. Parameters and the corresponding models include (1) Gas-liquid phase equilibrium composition and density of H 2 O-NaCl-CO 2 ternary system at the homogenization temperature are calculated by equation established by Duan et al. [12, 14] , Sun and Dubessy [13] . (2) Solubility of CO 2 in aqueous sodium chloride solution at room temperature is described by the concentration of CO 2 in aqueous NaCl solution, which could be provided by the CO 2 solubility model established and improved by Duan and collaborators [14] [15] [16] 24] , and the density of aqueous solutions described by the Pitzer's [25] As mentioned above, the salinity of the H 2 O-NaCl-CO 2 fluid inclusions can be determined by the melting temperature of the CO 2 clathrate, but there is no simple calculation method for the CO 2 content of the inclusions. It is generally necessary to visually estimate the volume ratio of the CO 2 phase to the aqueous phase, and then the homogenization pressure and isometrics of H 2 O-NaCl-CO 2 inclusions can be obtained by using the appropriate equation of state on the basis of density, composition and the estimated homogenization temperature. Nonetheless, the visual volume fraction inevitably produces large errors, giving rise to inaccurate calculation results of parameters [26, 27] .
Combined with theoretical calculations, Schwarz [28] plotted the V-x diagram of H 2 O-CO 2 inclusions without NaCl and H 2 O-NaCl-CO 2 inclusions with a salinity of 6 wt %. Bakker and Diamond [29, 30] also mapped the V-x of H 2 O-CO 2 inclusions based on experimental data published by Sterner and Bodnar [31] . Although the using of these diagrams does not need a visual estimation of the volume fraction of the CO 2 phase, the accuracy is poor in the low temperature region, and the applicable range of salinity is small.
Iterative Calculation Method for V-x Parameters of H 2 O-NaCl-CO 2 Fluid Inclusions at Room Temperature
The phase volume of a H 2 O-NaCl-CO 2 fluid inclusion is limited by the density, complete homogenization temperature and homogenization of the CO 2 phase due to that the inclusion is a closed system with constant volume. Parry [32] proposed an iterative calculation method to solve the CO 2 content and total density of the three-phase inclusions of H 2 O-NaCl-CO 2 system. This method used the Bowers-Helgeson [33] equation to calculate the fluid thermodynamic parameters (gas-liquid phase equilibrium composition, gas phase, and aqueous phase density, etc.) required during the iterative process. Parry's method does not need to visually measure the volume or phase proportion of the inclusions, and density and X CO2 could be calculated using iterative method with the measurement of T h,CO2 , S, and T h . Due to the Bowers-Helgeson equation, Parry's iterative algorithm can be used to calculate the V-x parameters of H 2 O-NaCl-CO 2 fluid inclusions with a homogenization temperature above 300 • C. However, Parry's method ignores the solubility of CO 2 in NaCl aqueous solution, so the mathematical function of X CO2 constructed and the calculated X CO2 is not sufficiently accurate, and then the pressure error calculated by iterative calculation is ineligible. Furthermore, Parry's method cannot be applied for the H 2 O-NaCl-CO 2 system at 0-300 • C, due to the lack of validated fluid thermodynamic functions over this temperature range.
Liu and Shen [6] , and Song [17] take into account the solubility of CO 2 in aqueous sodium chloride solution at room temperature and improved the calculation accuracy of the Parry method. Song et al. [17] also used the more accurate H 2 O-NaCl-CO 2 system state equation (DMW95 equation) established by Duan et al. [12] instead of the Bowers-Helgeson [17] equation. DMW95 is a state equation capable of accurately predicating P-V-T-X, phase equilibria, solubility, and activity of the H 2 O-NaCl-CO 2 system. Since the DMW95 equation is only applicable to high temperature (T > 300 • C) H 2 O-NaCl-CO 2 system, this improved calculation method is still not valid at complete homogenization temperature below 300 • C.
On the basis of Song's method, Xi et al. [34] . proposed that the dissolved amount of CO 2 in aqueous solution M CO2 can be calculated by the solubility model proposed by Duan and Sun [14, 35] . This method can only be applied to H 2 O-NaCl-CO 2 inclusions in which the CO 2 partial homogenization temperature is higher than the melting temperature of the clathrate, and the halite daughter minerals are absent. The inclusion should also be completely homogeneous to aqueous solutions. Xi et al. [34] also suggested that for H 2 O-NaCl-CO 2 inclusions with complete homogenization temperature below 300 • C and salinity below 4%, the ternary system can be approximated as a H 2 O-CO 2 binary system, which expands the applicable range of temperature and pressure of the method.
Xu et al.
[36] combined the improved algorithms of Song with the state equation established by Mao et al. [37] and developed an application capable of calculating V-x parameters of CO 2 -H 2 O fluid inclusions with a complete homogenization temperature below 350 • C, homogenization pressure below 100 MPa, which are completely homogenized to liquid phase.
Mao et al. [18] proposed a new algorithm for calculating the V-x parameters of H 2 O-NaCl-CO 2 inclusions. The method uses the improved CO 2 solubility model of them in combination with the previously established aqueous solution density model to calculate the relevant thermodynamic properties of the H 2 O-NaCl-CO 2 system. A calculation program is also developed based on this new algorithm, which applies to a maximum homogenization temperature of 723 K, but only for H 2 O-NaCl-CO 2 inclusions that are completely homogeneous to the liquid phase [18] .
Calculation Program Description
A New Algorithm for V-x Parameters of H 2 O-NaCl-CO 2 Two-Phase Inclusions at Room Temperature
As mentioned above, the iterative method initiated by Parry [32] and further improved by Song et al. [17] is only applicable to H 2 O-NaCl-CO 2 three-phase inclusions without halite daughter minerals, and is not suitable for the two-phase inclusion of H 2 O-NaCl-CO 2 , in which the homogenization temperature of the CO 2 phase is lower than the melting temperature of the CO 2 clathrate.
This study proposes a new iterative algorithm to accurately calculate the V-x parameters of the H 2 O-NaCl-CO 2 two-phase inclusion. The algorithm first uses the method of Diamond [21] to determine the salinity of H 2 O-NaCl-CO 2 two-phase inclusions with respect to the melting temperature of CO 2 clathrate and the partial homogenization temperature of CO 2 phase measured under metastable state, and uses the three-phase equilibrium calculation model of CO 2 hydrate established by Duan and Sun [15] to determine the internal pressure of inclusions when CO 2 clathrate is completely melted. Then, the V-x parameters of the inclusions are iteratively solved by the relationship between the phase change and the volume change when the CO 2 clathrate is melted and the inclusions are completely homogenized. The new algorithm also does not require a visual estimation of the volume fraction of the CO 2 phase as an input parameter. Tables 1 and 2 provide a brief description of the input and output parameters of the method and program The specific iterative steps of the algorithm, as shown in Figure 1 , are described as follows:
Vm Molecular volume of inclusion, cm 3 /mol XCO2 Total CO2 content of the inclusions, expressed in mole fraction XH2O
Total water content of the inclusion, expressed in mole fraction XNaCl Total NaCl content of the inclusion, expressed in mole fraction Th
Complete homogenization temperature of the inclusion, K Phom
Homogenization pressure of the inclusion, bar ФCO2
Volume fraction of CO2 gas phase in inclusions after CO2 clathrate melting
The specific iterative steps of the algorithm, as shown in Figure 1 , are described as follows: 1. After determining the salinity of the inclusions, the internal pressure of the inclusions after the carbon dioxide hydrate is completely melted is determined according to the gas hydrate threephase equilibrium model, and then the density of the CO2 phase and the aqueous phase at this temperature are calculated using a proper thermodynamic model. 2 . Calculating the total density (or molar volume) and CO2 concentration XCO2 of the inclusion based on an initial estimation of ФCO2. 3 . Determining the pressure Phoml at which the inclusions are at homogenization temperature Th, which refers to the minimum pressure at which the solution or gas phase is saturated at Th. 4 . Calculating the pressure Phoml2 at which the inclusions with certain composition and total density exhibit a single phase at the homogenization temperature. 5 . If Phoml and Phoml2 are significantly different, change ФCO2 and re-calculate the total density (or molar volume) and XCO2 until the calculated relative difference of Phoml and Phoml2 is less than 0.1%. At this time, the final total density, XCO2, and ФCO2 are obtained.
The above step 3 needs to calculate the gas-liquid equilibrium composition of the H2O-NaCl-CO2 system on the basis of a suitable equation of state, and step 4 requires the calculation of the P-V-T-x of the H2O-NaCl-CO2 system. The DMW95 equation is used when Th > 573 K, while the equation of state for the medium-low temperature H2O-NaCl-CO2 system established by Sun and Dubessy [13] is applicable when Th ≤ 573 K.
H2O-NaCl-CO2 Inclusion Parameter Calculation Program Description
Combining the iterative algorithm for calculating the V-x parameters of H2O-NaCl-CO2 inclusions with the related thermodynamic model introduced above, a computer program for the accurate calculation of V-x parameters of H2O-NaCl-CO2 inclusions is written in FORTRAN90 language, which only takes microthermometry measurement data as input parameters with no gas phase volume fraction required. Some calculation examples were also given below. 1. After determining the salinity of the inclusions, the internal pressure of the inclusions after the carbon dioxide hydrate is completely melted is determined according to the gas hydrate three-phase equilibrium model, and then the density of the CO 2 phase and the aqueous phase at this temperature are calculated using a proper thermodynamic model. 2 . Calculating the total density (or molar volume) and CO 2 concentration X CO2 of the inclusion based on an initial estimation of Φ CO2 . 3 . Determining the pressure P homl at which the inclusions are at homogenization temperature T h , which refers to the minimum pressure at which the solution or gas phase is saturated at T h . 4 . Calculating the pressure P homl2 at which the inclusions with certain composition and total density exhibit a single phase at the homogenization temperature. 5 . If P homl and P homl2 are significantly different, change Φ CO2 and re-calculate the total density (or molar volume) and X CO2 until the calculated relative difference of P homl and P homl2 is less than 0.1%. At this time, the final total density, X CO2 , and Φ CO2 are obtained.
The above step 3 needs to calculate the gas-liquid equilibrium composition of the H 2 O-NaCl-CO 2 system on the basis of a suitable equation of state, and step 4 requires the calculation of the P-V-T-x of the H 2 O-NaCl-CO 2 system. The DMW95 equation is used when T h > 573 K, while the equation of state for the medium-low temperature H 2 O-NaCl-CO 2 system established by Sun and Dubessy [13] is applicable when T h ≤ 573 K.
H 2 O-NaCl-CO 2 Inclusion Parameter Calculation Program Description
Combining the iterative algorithm for calculating the V-x parameters of H 2 O-NaCl-CO 2 inclusions with the related thermodynamic model introduced above, a computer program for the accurate calculation of V-x parameters of H 2 O-NaCl-CO 2 inclusions is written in FORTRAN90 language, which only takes microthermometry measurement data as input parameters with no gas phase volume fraction required. Some calculation examples were also given below.
Program Function
An important feature of the calculation program developed in this study is that the input parameters are all microthermometry measurement data without visually measuring the CO 2 phase volume fraction. The Raman peak displacement of CO 2 is also not required as an input parameter to determine the internal pressure and composition of the inclusion. In this study, the improved algorithm of Song et al. [17] was used to calculate the V-x parameters of H 2 O-NaCl-CO 2 inclusions in which the partial homogenization temperature of the CO 2 phase is higher than the melting temperature of CO 2 clathrate. For the V-x parameters of the H 2 O-NaCl-CO 2 inclusions where the CO 2 phase partial homogenization temperature is lower than the CO 2 clathrate melting temperature, the new algorithm proposed in this study is applied, which is not only suitable for three-phase H 2 O-NaCl-CO 2 inclusions but also for two-phase H 2 O-NaCl-CO 2 inclusions at room temperature.
The calculation program developed in this paper is based on the state equation of a wide temperature and pressure range and high precision, thus it is more applicable than any existing calculation procedures in terms of temperature and pressure condition. The program is suitable for inclusions that are either completely homogeneous to the liquid phase or completely homogeneous to gas phase. Due to the inherent defects of the thermodynamic model, the program has a large V-x parameters calculation error for critically homogeneous and near-critically homogeneous inclusions, which requires further improvement.
Steps for Usage
The program is provided as Supplementary File S1. The procedure for calculating the V-x value of H 2 O-NaCl-CO 2 inclusions is as follows:
1. Enter the microthermometry measurement parameters required for the calculation, including the partial homogenization temperature of the CO 2 phase, the melting temperature of the CO 2 clathrates, and the complete homogenization temperature of the inclusions.
2. Select the CO 2 phase partial homogenization mode and the inclusion completely homogenization mode, and run the Fortran executive program. 3 . The calculation outputs all the seven parameters as shown in Table 2 .
Calculation Example
Tables 3 and 4 provide calculation results. 
